Abstract Hull-less barley is increasingly offering scope for breeding grains with improved characteristics for human nutrition; however, recalcitrance of hull-less cultivars to transformation has limited the use of these varieties. To overcome this limitation, we sought to develop an effective transformation system for hull-less barley using the cultivar Torrens. Torrens yielded a transformation efficiency of 1.8%, using a modified Agrobacterium transformation method. This method was used to overexpress genes encoding synthases for the important dietary fiber component, (1,3;1,4)-b-glucan (mixed-linkage glucan), primarily present in starchy endosperm cell walls. Over-expression of the HvCslF6 gene, driven by an endosperm-specific promoter, produced lines where mixed-linkage glucan content increased on average by 45%, peaking at 70% in some lines, with smaller increases in transgenic HvCslH1 grain. Transgenic HvCslF6 lines displayed alterations where grain had a darker color, were more easily crushed than wild type and were smaller. This was associated with an enlarged cavity in the central endosperm and changes in cell morphology, including aleurone and sub-aleurone cells. This work provides proof-ofconcept evidence that mixed-linkage glucan content in hull-less barley grain can be increased by over-expression of the HvCslF6 gene, but also indicates that hull-less cultivars may be more sensitive to attempts to modify cell wall composition.
INTRODUCTION
Barley grain develops from a caryopsis that is surrounded by a thick hull or husk, which consists of remnants of the outer palea and inner lemma. In hulled, or covered, barley varieties these tissues remain attached to the pericarp epidermis via a lipid layer during grain maturation, while the hull-less phenotype is controlled by a single nud gene on chromosome 7H (Taketa et al. 2008) and is associated with non-adherence of the pericarp and hull. Non-adherent hulls of barley can be readily removed during threshing in a manner similar to that observed for wheat and rice grains (Bhatty 1986 ). However, the majority of barley grown worldwide has an attached hull.
The potential for wider use of barley grain in healthy human foods is becoming increasingly recognised, but the hull represents a major impediment in the adoption of barley for food purposes because it causes problems with undesirable mouth feel rendering covered grain unpalatable for human consumption. For existing food applications, the hull of covered barley grain is usually removed by pearling, but this causes concomitant losses in nutrient-rich embryo, aleurone and starchy endosperm tissues. As a result, there has been renewed interest in hull-less barley cultivars where these losses can be easily circumvented, and palatability is improved. Thus, hullless barleys have lower processing costs and retain more valuable nutrients normally lost during pearling.
The major components of dietary fiber in barley and other cereal grains are the two cell wall polysaccharides, mixed-linkage glucans and arabinoxylans, together with fructans and resistant starch. In barley,
(1,3;1,4)-b-glucan (mixed-linkage glucan) is the most abundant of these components and is therefore an important determinant of the overall level of soluble dietary fiber in grain, the consumption of which has been shown to improve human health by lowering the risk of serious dietary-related diseases, such as type II diabetes, cardiovascular disease and colorectal cancer (Collins et al. 2010; El Khoury et al. 2012) .
Mixed-linkage glucans are polysaccharides consisting of unbranched, unsubstituted (1,3)-and (1,4)-linked b-glucosyl residues. Approximately 90% of the molecule is made up of blocks of two or three adjacent (1,4)-linkages separated by single (1,3)-linkages, which are irregularly spaced in such a way that prevents alignment of the polysaccharide (Burton et al. 2011) . Consequently, large mixed-linkage glucan molecules are often soluble in water where they form solutions of high viscosity. The high viscosity of glucan solutions is thought to contribute to the health benefits of mixed-linkage glucan in human diets (Dikeman and Fahey 2006) , while extensive bacterial fermentation of this polysaccharide in the human gastrointestinal tract is also a key determinant of its efficacy as desirable dietary fiber (El Khoury et al. 2012) .
The synthesis of mixed-linkage glucan in barley is mediated by members of the cellulose synthase-like gene families, CslF and CslH (Burton et al. 2006; Doblin et al. 2009 ). Among these, HvCslF6 is the most highly transcribed and is considered to be the most important gene for glucan synthesis in barley grain (Burton et al. 2008) . This was confirmed in cslf6 mutant lines (called beta-glucanless or bgl) that have very low levels of mixedlinkage glucan (Tonooka et al. 2009 ). Furthermore, Agrobacterium-mediated transformation of the hulled barley cultivar Golden Promise, with the HvCslF6 gene, resulted in increases of more than 80% in mixed-linkage glucan content and 50% in the dietary fiber of transgenic grain (Burton et al. 2011) .
Agrobacterium-mediated transformation of Golden Promise is an established procedure in many laboratories world-wide with transformation frequencies ranging from 2% to 87% (Tingay et al. 1997; Matthews et al. 2001; Trifonova et al. 2001; Fang et al. 2002; Murray et al. 2004; Travella et al. 2005; Lange et al. 2006; Shrawat et al. 2007; Bartlett et al. 2008; Hensel et al. 2008 ). Attempts to transform other barley cultivars using this procedure have either failed completely or delivered variable transformation frequencies, ranging from less than 1% up to approximately 8% (Murray et al. 2004; Hensel et al. 2008) .
The experiments reported here were conducted to develop a robust and reproducible Agrobacteriummediated transformation protocol for hull-less barley cultivars. This would provide the capability to make transgenic lines in newly released cultivars or key elite breeding lines and to assess the potential for increasing mixed-linkage glucan content in grain of a hull-less barley for human health benefits. The hull-less cultivar Torrens was transformed with over-expression constructs of the HvCslF6 and HvCslH1 genes, driven by the oat globulin starchy endosperm-specific promoter (AsGlo) (Vickers et al. 2006) , and the physiological effects in the grain were compared with those of hulled transgenic Golden Promise carrying the same constructs (Burton et al. 2011) .
RESULTS

Production of transformed callus and regeneration of transgenic plants
The standard conditions employed to transform Golden Promise served as a useful starting point to assess how amenable the hull-less varieties, Torrens, Macumba, and Finniss were to Agrobacterium-mediated transformation. At the end of the callus selection phase, the scutella had produced a mixture of callus types. The scutella of Torrens typically generated a watery, transparent nonembryogenic callus that was occasionally interspersed with hard, nodular, slow-growing embryogenic callus, which was resistant to the selection agent ( Figure 1A ). By comparison, the scutella of WI4330 and Golden Promise predominantly produced large quantities of highquality, well-developed, compact embryogenic callus under the selection conditions ( Figure 1B, C) . Overall, Golden Promise showed the highest frequency of callus induction at 100%, followed by WI4330 (82%), Finniss (80%), Torrens (74%) and Macumba (42%). The nonresponsive scutella turned brown and failed to develop any hygromycin-resistant callus sectors (data not shown). Embryogenic callus of all five genotypes were transferred to regeneration medium to stimulate the production of transgenic plants. Both WI4330 and Golden Promise ( Figure 1E , F) successfully produced plants, but none were forthcoming from the transformed callus of the hull-less cultivars ( Figure 1D ).
The use of cultured scutella in combination with the addition of acetosyringone to the co-cultivation medium and the transfer of co-cultivated scutella to callusinduction medium containing Timentin for a week prior to callus selection were investigated in an attempt to regenerate plants from transformed callus of the hull-less cultivars. Not surprisingly, the response of the scutella to either the separate or combined treatments were highly variable (Table S1 ), but in each case, successful plant regeneration was achieved from transformed Torrens callus of the hull-less cultivars ( Figure 1A) .
The transformation frequency (number of successful transgenic plants generated from the total number of scutella) for Torrens in these experiments ranged from 0.5% to 2.6% at an average of 1.8%. Putative Torrens transformants were successfully transferred to soil and the presence of the selectable marker gene was confirmed by Southern hybridization analysis ( Figure S1 ). These modifications were not trialled with cultivar "Macumba", while cultured "Finniss" scutella subjected to a "resting" step yielded a transformation frequency of 1.6%. An additional valuable observation was that the use of cultured scutella without added acetosyringone or Timentin was sufficient to boost the transformation frequencies of WI4330 from 1.3% to 7.3% and Golden Promise from 22.3% to 45%.
Transformation of Torrens with AsGlo::HvCslF6 and
HvCslH1 constructs
The modified transformation protocol was used to regenerate seven independent transgenic AsGlo:: HvCslF6 and ten AsGlo::HvCslH1 Torrens plants which survived the transfer to soil and successfully produced grain. The transcript levels of the endogenous genes, HvCslF6 transgene and HvCslH1 transgene were measured using real-time quantitative polymerase chain reaction (PCR) on complementary DNA (cDNA) from developing T 1 grain at 11 d after pollination (HvCslF6) and mature T 2 grain (HvCslH1). Total transcript levels were markedly higher in grain from transgenic lines compared to wild type plants, as shown for a subset of the transformants (Figure 2 ).
Initial observations of the grain indicated a strong visible phenotype for the lines over-expressing HvCslF6 ( Figure 3B , C) when compared with wild type Torrens ( Figure 3A ) and the HvCslH1 lines ( Figure 3D ) in that the transgenic grain was shrunken and very dark in color. The four HvCslF6 transgenic lines with the most severe phenotype were chosen for further detailed analysis. When placed on a light box, grains of wild type Torrens ( Figure 3E ) and the HvCslH1 lines ( Figure 3H ) were translucent, while some or all grain of the lines carrying the HvCslF6 transgene were opaque ( Figure 3F, G) . When the dry transgenic grain was cut in half, the internal structure appeared altered compared with wild type grain ( Figure 3I , M). The severity of this varied; for some grains the entire interior was darkened ( Figure  3K ) while for others the effect was more patchy ( Figure  3J , L, M) but all darkened grain was severely shrunken ( Figure 3J-M) . None of the HvCslH1 grain was observed to be shrunken ( Figure 3D , H). PCR genotyping (data not shown) of the T 2 plants showed a consistent correlation with the presence of the HvCslF6 transgene (Figure 2 ) and the dark grain phenotype (Figure 3) .
The shrunken grain phenotype was quantified when grain weight was measured in the T 3 generation ( Figure 4A ). The weight of the Torrens wild type lines ranged from 34.7 to 49.5 g per 1,000 grains, whereas the weight of the Torrens HvCslF6 lines were generally lower and ranged from 11.4 to 41.0 g per 1,000 grains. The grain weight of the HvCslH1 lines was similar to the controls at between 29.3 and 40.3 g ( Figure 4A ).
Barley lines transformed with HvCslF6 and HvCslH1
have altered levels of mixed-linkage glucan and reduced starch content Mixed-linkage glucan levels in HvCslF6 Torrens T 3 transgenic grain lines were increased by up to 70% compared with wild type Torrens on a weight-forweight basis ( Figure 4B ). However, to take into account the smaller grain sizes of some transgenic lines, the glucan content was also expressed on a per grain basis ( Figure 4C ). Due to the shrunken nature of the grain and reduced endosperm area, the amount of mixed-linkage glucan deposited in each grain was very low in many cases. There is variability between sister lines derived from the same T 0 parent for the traits presented in Figure 4 that is likely to be due to the random selection of the grain for analysis, where some may still be segregating for transgene copy number. By contrast, the mean mixed-linkage glucan (% w/w) content of Torrens lines transformed with HvCslH1 was not significantly different to wild type ( Figure 4B ). However, two siblings of transgenic line H-26 contained significantly higher amounts when expressed on a per grain basis ( Figure 4C ). As with a previous study where the hulled Golden Promise cultivar was transformed with HvCslF6 (Burton et al. 2011) , essentially all the Torrens transgenic lines over-expressing HvCslF6 showed a reduced DP3:DP4 ratio ( Figure 4D ), typically from about 2.4:1 down to 2.0:1. The DP3:DP4 ratio is a measure of the ratio between the 3-O-b-cellobiosyl-D-glucose (DP3) and 3-O-b-cellotriosyl-D-glucose (DP4) oligosaccharides released after hydrolysis with (1,3;1,4)-b-glucanase (EC 3.2.1.73, lichenase). It gives an indication of the fine structure of the mixed-linkage glucan polysaccharide. This shift was not evident in the transgenic HvCslH1 grain with most of the lines showing either similar or higher ratios to the controls ( Figure 4D ).
The starch content was measured in a subset of HvCslF6 lines since some lines produced only a limited number of small-sized grain, making them unsuitable for analysis ( Figure 4E ). Those lines analyzed showed a significantly reduced starch content compared with the controls. One of the sibling lines of Torrens F6-16 had a very low grain weight at 11.4 g per 1,000 grains ( Figure  4A ) and a particularly low starch content of 22% ( Figure  4E ). There was no overall change in grain starch content of the Torrens HvCslH1 lines ( Figure 4E ).
The force required to crush individual grains was measured using a flat anvil on the Instron machine. Significantly less force was needed to crush grain from Torrens lines F6-18 and F6-25 compared with the wild type grain ( Figure 5 ).
Differences in embryo size and seedling development in HvCslF6 transgenic lines
Adult T 2 plants of HvCslF6 Torrens lines containing the greatest increases of grain mixed-linkage glucan, in particular F6-18, were slower growing than the wild type Torrens plants ( Figure 6A ). We observed that T 3 excised embryos of F6-18 were bigger ( Figure 6B ) and contributed a significantly larger portion of whole grain weight, at 15% of the total grain weight, compared with just 4% of the total weight for the wild type grain ( Figure  6C ). The larger embryos did not appear to affect either germination speed or success rate since germination, as assessed by chitting, after 2 d from the start of imbibition, was 100%. For some lines the embryo also comprised a larger proportion of mature grain weight, for example F6-16 and F6-25 ( Figure 6C ) which can be attributed to the reduced size of the endosperm. Shoot and root lengths were measured for 7-d-old T 2 seedlings ( Figure 7A ). Shoot length was consistent between lines ( Figure 7A , B), but primary root length was significantly reduced for three out of the four HvCslF6 overexpressing seedling lines as compared with wild type control seedlings ( Figure 7B ). The dry weight of seedling shoots was measured and although there were no visible differences in the shoot length of the HvCslF6 transgenic lines, they were thinner and weighed significantly less than the controls ( Figure 7C ). The dry weight of the roots was not measured as intact roots could not be rescued from the growth medium.
Internal grain morphology is perturbed in Torrens HvCslF6 lines
The developing grain at 15 d after pollination was visually examined using light and immunofluorescence microscopy. The Torrens lines over-expressing HvCslF6 were observed to contain a much larger cavity in the centre of the grain compared with wild type Torrens grain ( Figure 8A, B) . During development of wild type grain, the cells around the edge of the nucellar projection adjacent to the crease differentiate into specialised transfer cells ( Figure 8C ; Bewley and Black 1994) . In the HvCslF6 transgenic lines, these cells appeared to be deformed and, in places, were completely missing ( Figure 8D ), contributing to a more uneven and indeterminate cavity edge. Perturbations were also observed in the transgenic aleurone that were on average three cell layers thick, with strongly defined walls and a pronounced square shape ( Figure  8F ) compared with the wild type parent, which at this oligosaccharide ratio after treatment with (1,3;1,4)Àb-glucanase. (E) starch (% w/w). Error bars, standard deviation (n ¼ 2-6), where no error bars are shown, n 2. WT: wild type Torrens, WT(tc): wild type from tissue culture. Ten T 3 grains were randomly selected and ground to a bulk flour which was subsequently used for all analyses. Line names in common are sister lines derived from the same T 0 transgenic event.
Ã Significantly different from the wild type Torrens (WT) (P < 0.05).
equivalent stage had only two layers of more oblong cells with evidence of the inner aleurone layer still differentiating ( Figure 8E ). In the transgenic lines, the sub-aleurone region was also missing and overall appeared to resemble much more mature grain at around 22 d after pollination, as previously documented by Wilson et al. (2012) . Brighter staining of mixedlinkage glucan was observed on the transgenic grain sections of F6-18 when compared with the wild type grain, as indicated by stronger fluorescence signal strength in the aleurone, sub-aleurone and starchy endosperm tissues ( Figure 8G , H).
DISCUSSION
Plant transformation is a crucial technology platform that underpins research into the functional analysis of genes, including those involved in cell wall biosynthesis and grain development in cereals. A widely used, standard Agrobacterium-mediated protocol developed for the tissue culture responsive cultivar Golden Promise (Tingay et al. 1997; Matthews et al. 2001 ) is usually adopted for the production of transgenic barley lines. This method has been successfully applied to other barley varieties, including to a set of Australian cultivars, although these consistently demonstrated lower transformation frequencies compared with Golden Promise (Murray et al. 2004; Hensel et al. 2008 ) and two Egyptian cultivars (Ibrahim et al. 2010) . However, all but one of the transformed cultivars reported have been of the hulled variety, which have limited application for some enduses, including human food.
For a particular barley genotype, success of the transformation process was reliably indicated by the percentage of scutella-producing embryogenic callus and the frequency of plant regeneration on selective callus induction and regeneration media. In this current study, all three hull-less varieties produced scutellum-derived callus at variable rates that resembled the highly regenerable material of the control cultivars Golden Promise and the breeding line WI4330, but none regenerated plants using the standard transformation regime.
Freshly isolated scutella endure significant stresses following contact with Agrobacterium and immediate exposure to the selection agent following co-cultivation. To address these issues, minor modifications were made to the transformation procedure for cultivar Torrens. Ã Significantly different from wild type Torrens (P < 0.05).
One-day-old cultured scutella were used for transformation and the inclusion of two further explant handling steps, namely the addition of acetosyringone to the cocultivation medium (Shrawat et al. 2007; Hensel et al. 2008 ) and the transfer of co-cultivated scutella to a "resting" medium containing Timentin but no selection agent (Shrawat et al. 2007) , either individually or jointly, generated transgenic Torrens plants.
Acetosyringone is a chemotactic compound released by some plant cells following wounding that both attracts Agrobacterium to the wound site and activates its virulence (vir) genes, triggering the initiation of T-DNA transfer (Godwin et al. 1991) . The application of this compound boosts transformation efficiency of other monocots, including wheat (Wu et al. 2003) , and so it is likely that its inclusion here renders the same effect. Presumably, the stress of Agrobacterium infection was reduced by using cultured scutella for transformation, whereas the more favorable tissue culture conditions achieved with the nonselective "resting" step supported the recovery and growth of transformed cells in the scutellar mass, leading to sustained callus development and plant differentiation under selection pressure. Transformation frequencies for Golden Promise and WI4330 were also significantly increased when 1-d-old cultured scutella were used for transformation, even without a rest period or acetosyringone. Together, these modifications are likely to also be of value in the transformation of a range of other barley cultivars, broadening the portfolio of transformable cultivars in general.
Since an effective transformation protocol was successfully developed for the hull-less barley variety, Torrens, it was used in a proof-of-concept experiment aimed at defining the effects of specific candidate genes on quality characteristics relating to human health and nutrition applications. Therefore, as the initial test, we chose to use genes that might improve the quality of barley grain, in the context of human health, by manipulating the dietary fiber content. Torrens barley was transformed with the HvCslF6 and HvCslH1 genes, which are known to encode mixed-linkage glucan Ã Significantly different from wild type Torrens (P < 0.05). Scale bar: 1 cm.
synthases (Burton et al. 2006; Doblin et al. 2009 ). Mixed-linkage glucan is a major cell wall polysaccharide found in the endosperm tissues of a number of cereals (Welch and Lloyd 1989; Wood et al. 1991; Rudi et al. 2006; Pritchard et al. 2011) , and it is an important component of dietary fiber in the human diet (Collins et al. 2010) . Previous proof-of-function experiments in transgenic lines of the hulled Golden Promise variety demonstrated that over-expression of the barley cellulose synthase-like HvCslF6 gene increased grain mixed-linkage glucan levels by 80% and dietary fiber content by at least 50% (Burton et al. 2011) , providing results that could be directly compared to those obtained with the hull-less cultivar Torrens transformed in the current study. The results showed that over-expression of the HvCslF6 gene often had an undesirable reduction in grain weight ( Figure 4A ) accompanied by striking changes to the visible phenotype of the grain, including a shrunken profile and darkened surface (Figure 3) . These changes were also associated with the presence of a large cavity in the central endosperm of the grain where the bordering transfer cell layer was stretched and ragged ( Figure 8A, B) . Perturbations in the aleurone layer number and maturity were also evident and the amount of starch was reduced commensurate with increases in mixed-linkage glucan ( Figure 4B, E) . Grain of the most severely affected transgenic line (F6-18) also had larger embryos ( Figure 6B ) that did not appear to translate to effects on germination capability but impacted root length and shoot mass (Figure 7) .
The reasons underlying the pleotropic effects in these lines potentially caused by the change in amount of mixed-linkage glucan, and possibly starch, are unclear. The promoter used to drive the transgene has been shown to be limited to the endosperm (Vickers et al. 2006) . Changes in the endosperm of the transgenic lines may have deleterious effects on embryo development which may in turn affect the growth at the seedling stage. This implies that there may be a feedback loop in operation during grain development that has far-reaching effects.
We are not as yet able to explain the dark coloration of the hull-less transgenic grains, or the irregularly pigmented endosperm, observed in the current work (Figure 3) . Most of the pigments in barley grain, which include anthocyanins, proanthocyanins, flavonols, phenolic acids and phenol glycosides, are located in the hull and outer layers of the barley grain (Lampi et al. 2004 ) but in the transgenic HvCslF6 lines discoloration is clearly found throughout the grain (Figure 3 ) leading to their opacity on the light box. Since such grain pigments have been shown to have benefits in human health (Katsube et al. 2003; Lila 2004 ) the production of the dark grain may represent a fortuitous advantage, especially as hullless grain is not required to be pearled before consumption. The shrunken nature of the grain is likely to be related to the presence of the large cavity in the endosperm during development. As the grain matures and dries, the cavity empties and tissues collapse inward. This is seen for other barley shrunken endosperm mutants, for example the seg1 to seg8 series, where a range of different defects in developing grain cause the shrunken phenotype, many of which are still undefined (Felker et al. 1985) . Why this effect is more severe in hull-less Torrens grain with a higher mixedlinkage glucan content compared with the similarly manipulated transgenic hulled Golden Promise described previously (Burton et al. 2011) remains unclear, and it will be informative to examine the nature of the cavity and its contents in future work.
The brittle nature of the mature transgenic hull-less grain is also unusual and implies that there are changes in the coherence or adhesion of the grain tissues or cell walls that allow the grain to be crushed more easily than the wild type grain. This is not due to the presence of an air-filled "bubble", since the inner cavity has already collapsed in mature grain so the presence of more aleurone cell layers with their thicker and less flexible cell walls may play a role in this and will require closer examination. At this stage, the distorted and discolored appearance of the transgenic hull-less grain would not be conducive to consumer acceptance, should genetically modified barley become more widely received in the future.
Although the levels of mixed-linkage glucan were variable in the transgenic grains, a consistent effect in all the HvCslF6 transgenic lines was the reduction in DP3:DP4 ratios in the polysaccharides ( Figure 4D ). Similar results were obtained when the hulled variety Golden Promise was transformed with an overexpression construct of the HvCslF6 gene (Burton et al. 2011 ). This observation is presumably related to the particular three-dimensional structure of each glucan synthase protein (Jobling 2015; Dimitroff et al. 2016) where the protein derived from the transgene differs from the endogenous form. However, the reduced DP3:DP4 ratio would predict an increase in the percentage of the mixed-linkage glucan that is soluble in water, and it is the water-soluble fraction that is believed to impart the greatest benefit for human health (Collins et al. 2010) .
When the Torrens barley was transformed with the HvCslH1 gene, which also encodes a glucan synthase (Doblin et al. 2009 ), there was no reduction in grain size and only two sister lines showed an increase in mixed-linkage glucan content, on a per grain basis, and a change in the DP3:DP4 ratios of this polysaccharide (Figure 4 ). This is probably explained by the fact that the HvCslH1 gene is normally expressed at very low levels in the developing barley grain (Burton et al. 2008; Doblin et al. 2009 ) and possibly implies that necessary additional protein co-factors for glucan synthesis were not present in this tissue.
In summary, we have developed a method for the transformation of the hull-less barley variety, Torrens, at acceptable frequencies, using modifications that also significantly enhance the transformation rate of established hulled cultivars and which can now be more widely applied. We have shown that the mixed-linkage glucan level of transgenic hull-less grain can be increased by over-expression of the HvCslF6 gene. In addition, the fine structure of the polysaccharide, as measured by the DP3:DP4 ratio, is altered in the HvCslF6 lines in such a direction that would presumably be beneficial in human health applications. However, these changes are accompanied by significant morphological and end-use penalties in the hull-less grain, including a reduced size, shrunken and darkened appearance and perturbations in the organization of the inner grain tissues, including a large central cavity in the endosperm and abnormal aleurone cells. Over-expression of the HvCslF6 gene also caused a reduction in the starch content of the grain. These pleotropic effects are much more severe than those reported for similarly manipulated transgenic hulled barley grain and the underlying metabolic changes will be the subject of on-going research.
MATERIALS AND METHODS
Plant material and barley transformation
Details of the barley (Hordeum vulgare L.) germplasm used in this study are supplied in Table S2 . Donor plants of three hull-less cultivars Torrens, Macumba and Finniss and two hulled positive controls, Golden Promise and the elite Australian breeding line WI4330 were grown under conditions described previously by Burton et al. (2011) . The AsGlo::HvCslF6 construct (Burton et al. 2011 ) and the AsGlo::HvCslH1 construct built in the same binary vector with a full-length HvCslH1 cDNA (Doblin et al. 2009 ) were transformed into barley using the standard Agrobacterium-mediated transformation protocol developed by Tingay et al. (1997) for Golden Promise and modified by Matthews et al. (2001) . Further modifications of this procedure were performed, including the culture of scutella on callus induction medium in the dark at room temperature for a day prior to the infection step, the addition of 500 mmol/ L acetosyringone to the co-cultivation medium (Shrawat et al. 2007; Hensel et al. 2008 ) and the use of a "resting" step, whereby co-cultivated scutella were transferred to callus-induction medium containing Timentin at 150 mg/L (SmithKline Beecham, Pty, Ltd., Melbourne, Australia) at 22°C for a week prior to callus selection (Shrawat et al. 2007 ).
Southern hybridization analysis
The transgenic status of independent lines and the number of transgene insertion loci were determined by Southern hybridization analysis using the restriction endonuclease, EcoRV, which cuts the genomic DNA of transformed plants once in the T-DNA region and in the genomic DNA flanking the site of transgene insertion.
Plant DNA was extracted from leaf tissue using the protocol described by Guidet et al. (1991) . The DNA pellet was dissolved in TE buffer (10 mmol/L Tris-HCl, 1 mmol/L ethylenediaminetetraacetic acid (EDTA), pH 8.0) containing 40 mg/mL RNAse A. Digested DNA (15 mg) was separated on a 1% (w/v) agarose gel and transferred to a Hybond-XL nylon membrane (GE Healthcare Ltd, Little Chalfont, Buckinghamshire, UK) with 0.4 mol/L NaOH, according to the manufacturer's instructions.
A 1.1 kb XhoI DNA fragment, excised from plasmid pCAMBIA1390, was used as a probe to detect hpt sequences in the genomic DNA of the transformed plants. This was extracted from an agarose gel fragment using the Nucleospin Extract II kit (Macherey-Nagel, D€ uren, Germany), according to the manufacturer's instructions. The probe was labelled by random priming (Feinberg and Vogelstein 1983) using the Mega Prime DNA labelling system (GE Healthcare Ltd). Unincorporated nucleotides were separated from the radioactively labelled DNA by gel filtration through a Sephadex G-100 column. Membrane hybridization was conducted at 65°C in a 0.5 mol/L phosphate buffer, pH 7.2, containing 7% (w/v) sodium dodecyl sulfate (SDS) and 10 mmol/L Na 2 EDTA, as described in the product booklet supplied with the membrane. Following hybridization, the membrane was washed with saline sodium citrate buffer (15 mmol/L sodium citrate, 150 mmol/L sodium chloride, ph 7.0), 0.1% (w/v) SDS at 65°C for 20 min, air-dried and exposed to X-ray film (RX Fuji Medical X-ray film; RX-U, Tokyo, Japan).
Assessment of transgenic lines
Primary transformants were grown to maturity under standard glasshouse conditions (Burton et al. 2004) . The presence of the transgene was confirmed using the REDExtract-N-AmpPlant PCR-Kit (Sigma-Aldrich, Australia), as outlined in Burton et al. (2011) and in some cases verified by Southern hybridization. Wild type control plants were grown alongside each batch of plants. Mature grain was hand-harvested and threshed. The 1,000 grain weight values were calculated from the weight of 100 grains from each line. Ten randomly selected T 3 grains from each line, including controls, were ground using a Capmix dental amalgam mixer to provide a bulk flour sample. All analyses were performed on this bulk flour sample using duplicate technical replications and calculated on a dry weight whole grain basis.
RNA isolation, cDNA synthesis and real-time quantitative PCR Developing endosperm tissue was collected from ten randomly selected T 1 grain (HvCslF6) or mature T 2 grain (HvCslH1), pooled as a bulk sample for total RNA extraction, followed by cDNA synthesis as per Burton et al. (2008) and Betts et al. (2017) . Real-time quantitative PCR was performed according to Burton et al. (2008) using the primers HvCslF6_F: TGGGCATT-CACCTTCGTCAT, HvCslF6_R: TCAATGGAGCCAGCCATA-GAG, HvCslH1_F: TGCTGTGGCTGGATGGTGTT and HvCslH1_R: AACGCAGCCACAATCAAACCA. Data were normalized using the reference genes HvCyclophilin, HvGAPdH2, HvHSP70, and HvTubulin (Burton et al. 2008) .
Grain mixed-linkage glucan and starch assays Grain mixed-linkage glucan was measured on 15 mg flour using a scaled-down version of the Megazyme mixed-linkage beta-glucan assay (McCleary and Codd 1991) , as outlined in Burton et al. (2011) . Results are presented as both a percentage of mixed-linkage glucan per gram of flour (%w/w) and on a mg per grain basis.
After hydrolysis with lichenase (EC 3.2.1.73; 1,3-1,4-beta-D-glucan 4-glucanohydrolase), a portion of the hydrolysate was collected and stored at À20°C for high pH anion exchange chromatography (HPAEC) analysis of the G4G3G (DP3) and G4G4G3G (DP4) oligosaccharides. Hydrolysates were separated on a solid phase extraction (SPE) cartridge packed with graphitized carbon (Varian Bond Elute Carbon 50mg-1), as outlined in Ermawar et al. (2015) . The oligosaccharides were dissolved in 1 mL water and analyzed using HPAEC on a Dionex ICS-5000 using a DionexCarboPAC PA-200 column (3 Â 250 mm), as outlined by Ermawar et al. (2015) . The areas under peaks were compared with standards of DP3 and DP4 oligosaccharide standard curves.
Starch content was measured on 25 mg flour using a small-scale version of the Megazyme Total Starch Assay (amyloglucosidase⁄a-amylase method) (McCleary et al. 1994 ) and presented as a percentage of starch per gram of flour (% w/w).
All analyses were performed using duplicate technical replications.
Grain germination, seedling and embryo phenotyping
The viability of wild type Torrens, Null and transgenic CslF6 lines, F6-15, F6-16, F6-18 and F6-25 (20 T 3 grains each) were placed in 10 cm Petri dishes lined with two sheets of 90 mm Whatman filter paper. An additional 80 wild type grains were added to the Petri dish. These grains were kept separate and were discarded once germinated. A 4 mL aliquot of water was added, and the grain was allowed to germinate in the dark at 20°C for 72 h. Chitted grains were counted and removed every 24 h.
To measure the shoot and root length of seedlings, ten grains of each line were placed in a Petri dish and incubated in dark and moist conditions for 24 h at 4°C before being transferred to seed germination pouches (PhytoTC) at 20°C for 1 week. The length of the shoots and roots were measured and the average length calculated. The shoots were collected, weighed, freeze-dried and reweighed.
To determine embryo weight, mature grain was imbibed in water for 6 h. The embryo was excised with a scalpel blade, collected in a 2 mL Eppendorf tube and freeze dried. A total of 20 embryos were collected for each line. The average embryo weight was expressed as a percentage of the total grain weight.
Immunofluorescent light microscopy
Developing T 3 grain 15 d after pollination was fixed in 0.25% (v/v) glutaraldehyde, 4% (w/v) paraformaldehyde and 4% (w/v) sucrose in phosphate buffered saline (PBS), pH 7.2, dehydrated and embedded in LR White resin according to Burton et al. (2011) . Embedded tissue was sectioned (1 mm thickness) on an ultramicrotome using a diamond knife and dried onto SuperFrost polysine coated microscope 1mm slide (Thermofisher Scientific, Australia).
Immuno-chemical analysis of mixed-linkage glucans was performed according to Burton et al. (2011) using the primary BG1 murine monoclonal antibody (Biosupplies Australia, Melbourne, Australia) raised against barley mixed-linkage glucan. This was followed by the secondary antibody Invitrogen, Alexa Fluor 555, goat anti-mouse IgG (H þ L) (Thermofisher Scientific, Australia), for 1 h at room temperature. Sections were washed with 1% (w⁄v) bovine serum albumin in PBS, stained with 0.1% (w/v) Calcofluor White 2MR (Sigma-Aldrich, St. Louis, MO, USA) for 90 s, rinsed with water and mounted with 90% (v/v) glycerol. Images were captured using an Axio Imager M2 mounted on a Carl Zeiss fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
Mechanical properties
To measure mechanical strength, T 3 grains were compressed and monitored for their break point. A small flat-faced puncture probe (2 mm 2 at tip) was mounted in a single column Instron 5543 testing system (Instron, Norwood, MA, USA) and penetration resistance at maximum load (Newtons) was determined at an anvil movement rate of 100 mm/min. The penetration was set to stop when the peak penetration load dropped sharply by 30%.
Statistical analysis
Analysis of variance was performed using the software package IBM SPSS statistics 24 (IBM, Armonk, NY, USA). Data were omitted from analysis when there were fewer than two biological replicates.
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Additional Supporting Information may be found online in the supporting information tab for this article: http:// onlinelibrary.wiley.com/doi/10.1111/jipb.12625/suppinfo Figure S1 . Southern hybridization analysis of a subset of the Torrens T 0 HvCslF6 transformants Genomic DNA of transformants (F6-15 to -18) and a nontransformed plant (WT) was digested with EcoRV and hybridized with a radiolabelled fragment of the hygromycin B phosphotranferase gene used for selection of the transgenic plants. The sizes of the DNA marker fragments are indicated on the left-hand side of the autoradiogram. Table S1 . The effects of acetosyringone and a "resting" step on the transformation of "Torrens" with proAsGlo:: HvCslF6 (a) and proAsGlo::HvCslH (b) 
